Small molecule inhibitors of human immunodeficiency virus, type 1 (HIV-1) have been extremely successful but are associated with a myriad of undesirable effects and require lifelong daily dosing. In this study we explore an alternative approach, that of inducing intracellular immunity using designed, zinc fingerbased transcription factors. Three transcriptional repression proteins were engineered to bind sites in the HIV-1 promoter that were expected to be both accessible in chromatin structure and highly conserved in sequence structure among the various HIV-1 subgroups. Transient transfection assays identified one factor, KRAB-HLTR3, as being able to achieve 100-fold repression of an HIV-1 promoter. Specificity of repression was demonstrated by the lack of repression of other promoters. This factor was further shown to repress the replication of several HIV-1 viral strains 10-to 100-fold in T-cell lines and primary human peripheral blood mononuclear cells. Repression was observed for at least 18 days with no significant cytotoxicity. Stable T-cell lines expressing the factor also do not show obvious signs of cytotoxicity. These characteristics present KRAB-HLTR3 as an attractive candidate for development in an intracellular immunization strategy for anti-HIV-1 therapy.
references therein). Although the antiviral effects of HAART therapy are often immediate and profound, virus is not eliminated, and one or more reservoirs of latently infected cells persist even in patients that show no detectable viral load for sustained periods during treatment (2, 3) . Typically, virus replication rebounds rapidly after drug withdrawal, making HAART therapy a life-long treatment. These results underscore the importance of developing adjunct strategies of retarding viral entry and/or inhibiting of viral replication. One potential strategy involves the genetic modification of cells to endow them with viral resistance via gene delivery. If the primary target cells of HIV-1 can be genetically engineered to express antiviral genes continuously and without toxicity, such cells might escape virus destruction, immune impairment, and preferentially expand in vivo. In particular, intracellular "immunization" of CD34 stem cells and/or CD4 T cells with antiviral genes might lead to long term reconstitution of the immune system in individuals with protease inhibitor resistant viruses or adverse drug reactions.
Inhibition of viral transcription has long been recognized as an important goal in HIV-1 therapy. This was the driving force behind the development of antisense oligonucleotides for HIV-1 therapy (4). Other strategies that are well advanced are based on the concept of intracellular immunization (5) . These include siRNA (6, 7) , ribozymes (8, 9) , dominant-negative approaches (10) , and intrabodies (11) . The anti-RNA approaches are most successful when they target essential transcripts or gene products that are produced at a low level. Often their function in intracellular immunization strategies is very dependent on achieving high levels of intracellular expression. This is in contrast to control at the transcriptional level, which presents the advantage that only a single DNA site needs to be occupied as compared with targeting the many RNA messages that might be produced from a single gene. As with any approach that attempts specific inhibition in HIV-1, the mutation rate and genetic diversity found in vivo presents formidable obstacles. Despite this, there are regions within the HIV-1 genome that are conserved over all clades and provide suitable targets for the exploration of this approach.
Our approach is based on the recognition of the structural features unique to the Cys 2 -His 2 class of nucleic acid-binding, zinc finger proteins. To create a universal system for the control of gene expression, we have studied methods for the construction of novel polydactyl zinc finger proteins that recognize extended DNA sequences and have described the generation of zinc finger domains recognizing sequences of the 5Ј-(G/A)NN-3Ј subset of a 64-member zinc finger alphabet (12) (13) (14) . These domains can be used as modular building blocks for the construction of polydactyl proteins specifically recognizing 9-or 18-bp sequences. Methods for the rapid construction of poly-* This work was supported by National Institutes of Health Grants GM065059 and R01 AI49165. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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dactyl proteins have been developed that, together with this predefined set of zinc finger domains, provides ready access to over a billion novel proteins that bind the 5Ј-(G/ANN) 6 -3Ј family of 18-bp DNA sites (12, 15, 16) .
Appending effector domains, such as the activation domain VP16 (17) and the repression domain KRAB (18) , creates potent artificial transcription factors. In previous work, we and others (12, 19 -22) have demonstrated that both gene repression and activation can be achieved by targeting designed transcription factors to a single site within endogenous genes. Such regulation has been demonstrated in human, mouse, rat, monkey, Arabidopsis, and tobacco cells as wells as in transgenic Arabidopsis and tobacco plants (23, 24) . Furthermore, temporal control of expression can be achieved via chemical control of gene expression imparted by appending ligand-binding domains derived from human steroid-hormone receptors (25) . As an alternative to designing and testing individual transcription factors, combinatorial libraries of designed transcription factors have been recently used to select effective transcriptional regulators in the absence of detailed chromatin accessibility information and to identify novel gene regulatory pathways (26) .
In this study, we used our recently developed methodologies to prepare optimized transcriptional regulators designed to present transcriptional blockades to the HIV-1 lifecycle. Our work extends a recent study by Reynolds and co-workers (27) in which they observed repression of HIV-1 replication by an engineered zinc-finger transcription factor. These findings strongly support a transcription factor-based approach to intracellular immunization of CD34 stem cells and/or CD4 T cells (28) .
MATERIALS AND METHODS
Construction of Custom DNA-binding Proteins-DNA-binding proteins containing six zinc finger domains were assembled onto an Sp1C zinc finger scaffold (29) using methods and domains described previously (12) (13) (14) (15) (16) . Briefly, overlapping PCR primers were designed to encode zinc finger domains that had been previously modified to bind unique 3-bp sites. Three-finger proteins were assembled by overlap PCR then assembled into six-finger proteins by AgeI/XmaI ligation. For in vitro characterization, the constructs were cloned into the prokaryotic expression vector pMAL-c2 (New England Biolabs). Fusions with the maltose-binding protein were expressed and purified using the Protein Fusion and Purification System (New England Biolabs). Multitarget ELISA specificity assays and electrophoretic mobility shift affinity assays were performed as described previously (14, 15) .
Transient Transfection Assays-Effector plasmids containing the KRAB and SID effector domains have been described previously (15) . Effector plasmids consisted of the mammalian expression vector pcDNA3 (Invitrogen) containing the gene for a C-terminal designed six-finger protein cloned in-frame with an N-terminal effector domain. All constructs also encoded a nuclear localization signal from SV40 large T antigen (PKKKRKV) between the effector and zinc finger domains, as well as a C-terminal epitope tag from influenza hemagglutinin (HA tag, YPYDVPDYAS). GenBank TM accession numbers for KRAB-HLTR1, KRAB-HLTR3, and KRAB-HLTR6 transcription factors are AY518586, AY518587, and AY518588, respectively. Reporter plasmids were based on pGL3-control (Promega) and contained a luciferase gene under control of the SV40 promoter (pGL3-control), the erbB-2 promoter (erbB-2 (Ϫ758 to Ϫ1) (15)), or the HIV-1 LTR promoter. The HIV-1 HXB2 LTR was amplified by PCR from the plasmid pIIIenv3-1 (National Institutes of Health AIDS Research & Reference Reagent Program, NARRRP (30)) using the primers 5Ј-ggatccggaggggacggggccggagccgcagtgggggtagaaatggaagggctaattcactcc-3Ј and 5Ј-ctcctcctcctcctcggatccatggtggcgcccacgccgcccacgccactgctagagattttccacactgactaaaaggg-3Ј. The LTR fragment was cloned between the BglII/NcoI sites of pGL3-control. The plasmid pSV2tat72 (NARRRP (31)) was included in all experiments as a source of TAT protein.
For all transfections, HeLa cells (American Type Culture Collection, ATCC) were used at a confluency of 40 -60%. Typically, cells were transfected with 100 ng each of effector and reporter plasmid and 50 ng of pSV2tat72 per well in a 24-well dish by using LipofectAMINE transfection reagent (Invitrogen). Cell extracts were prepared ϳ48 h after transfection. Luciferase and ␤-galactosidase activity were measured with corresponding assay reagent kits (Promega) in a MicroLumat LB96P luminometer (EG&G Berthold, Gaithersburg, MD). Luciferase activity was normalized to total extract protein.
For determination of protein expression, ϳ2 ϫ 10 6 HeLa cells were plated onto 10-cm plates and transfected with 2 g of zinc finger protein expression plasmid. Cell extract was prepared by the addition of cell lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, and Complete Protease Inhibitor (Roche Applied Science)). Protein concentration was measured by the Bradford assay, and 50 g of cell extract was separated by SDS-PAGE and blotted onto Hybond-P membrane (Amersham Biosciences). The blot was probed with an anti-HA antibody (Roche Applied Science), then stripped and reprobed with an anti-␤-actin antibody (Sigma) as a loading control. Relative zinc finger protein expression was determined using ImageQuaNT (Molecular Dynamics).
Inhibition of transiently transfected, plasmid-based HIV expression was examined using 293T cells (ATCC) at a confluency of 50 -60%. Cells were co-transfected with 500 ng each of HIV-1 plasmid (pNL4 -3 (32) or pYK-JRCSF (33), NARRRP), pSIN-KRAB-HLTR3 (a lentiviral delivery vector, described below) and 100 ng of the luciferase reporter plasmid pGL3-Control (Promega) in a 6-well dish by using FuGENE transfection reagent (Roche Applied Science). Medium was changed at 24 h post-transfection, and p24 antigen was measured in the supernatant at 48 h post-transfection. Cell extracts were prepared, and luciferase activity was measured with corresponding assay reagent kits (Promega) in a Labsystems luminometer. Luciferase activity was normalized to total extract protein.
Generation of Stable PM1 Cell Clones-pMAL-HLTR3 was digested with SfiI, and the HLTR3 zinc finger gene was cloned between the two SfiI sites of pMX-KRAB-E2C-IRES-GFP (19) , replacing the E2C zinc finger gene. This retroviral vector expresses a single bicistronic message for the translation of the zinc finger protein and, from an internal ribosome entry site (IRES), the green fluorescent protein (GFP). The vector additionally appends an HA-tag to the C-terminal of the zinc finger gene. pMX-KRAB-HLTR3-IRES-GFP and pMD-G, a plasmid expressing the envelope glycoprotein G of the vesicular stomatitis virus (kindly provided by Inder Verma, the Salk Institute (34)), were cotransfected into the Gag-Pol-293 packaging cell line (Clontech) using LipofectAMINE Plus (Invitrogen). After 48 h of incubation, culture supernatants were used for infection of PM1 cells (NARRRP (35) ) in the presence of 8 mg/ml Polybrene. PM1 cells are a clonal derivative of HUT78. These cells are permissive for growth of macrophage and T-cell tropic viruses. Cells were cloned by limiting dilution. Expression levels of KRAB-HLTR3 was determined by Western analysis on 100 g of total soluble cell protein using the ECL Western blotting detection system (Amersham Biosciences) with a mouse anti-HA primary antibody (Roche Applied Science) and a goat anti-mouse-IgG horseradish peroxidase secondary antibody conjugate (Sigma).
HIV-1 Challenge of Stable T-cell Clones-Stocks for the murine heatstable antigen-expressing (HSA-expressing), CCR5-tropic HIV-1 reporter virus, NFN-SX-HSAS (36) were produced by infecting PM1 T-cell lines with NFN-SX-HSAS virus generated by calcium phosphate transfection of 293T cells (ATCC) with a proviral plasmid. Viral supernatants were stored at Ϫ80°C. The p24 value of the virus stock was 2649 ng/ml. 5 ϫ 10 5 PM1 T-cells were exposed to NFN-SX-HSAS (140 l) for 3 h at 37°C, washed three times, and then cultured in 3 ml RPMI (10% fetal bovine serum, 1% penicillin/streptomycin/glutamine, and 1% HEPES).
HIV-1 infection was determined by flow cytometry analysis on cells isolated from culture on days 2, 4, 9, and 13 post-infection. Cells were stained with rat anti-mouse CD24 (heat-stable antigen) antibody labeled with R-phycoerythrin (BD Pharmingen). Rat IgG 2k labeled with R-phycoerythrin was used as an isotype control. Cells were fixed with 2% paraformaldehyde prior to flow cytometry analysis. Flow cytometry was performed on a FACScan flow cytometer (BD Biosciences Immunocytometry Systems) and analysis replied on the Cell Quest Software program.
Supernatant obtained on days 2, 4, and 9 post-infection were also assessed for the presence of p24. Culture medium containing infected cells was pelleted at 2000 rpm for 2 min. 50 l of cell-free supernatant was added to 450 l of p24 sample buffer for the p24 assay. Quantification of HIV-1 p24 protein production was performed using the antigen capture ELISA test (Coulter Corp.) according to the manufacturer's instructions.
Construction of pSIN-KRAB-HLTR3-To clone pSIN-KRAB-HLTR3, the DNA sequence for KRAB-HLTR3 was amplified by PCR from the pcDNA KRAB-HLTR3 plasmid, using the primers 5Ј-atcgcttagggatccgctagcatggatgctaagtca-3Ј and 5Ј-atcgcttaggtcgacaagctttcaagaagcgtagtc-3Ј, which contain restriction sites for BamHI (5Ј) and SalI (3Ј). The PCR product was purified and digested with BamHI and SalI and ligated into BamHI/SalI-digested pRRLPGK-GFP SIN-18 (36) , so that the KRAB-HLTR3 sequence replaced the GFP gene. The final plasmid was sequenced to ensure that no mutations were introduced during PCR.
Lentiviral Vector Production and Titration-The HIV-derived packaging construct pCMVdeltaR8.91 encodes the HIV-1 gag and pol precursors as well as the regulatory proteins tat and rev (kindly provided by Inder Verma, the Salk Institute) (33) . Pseudotyped lentiviruses were produced by transient calcium phosphate co-transfection of 293T cells with pCMVdeltaR8.91, pMD-G, and the zinc finger-expressing lentiviral transfer vector pSIN-ZF. Viral supernatants were harvested 48 -60 h after transfection, concentrated by ultracentrifugation, and resuspended in serum-free RPMI 1640 culture medium. Viral titers were determined from the p24 antigen. Preparation of peripheral blood mononuclear cells (PBMCs) were purified from the fresh blood of healthy donors by Ficoll-Paque (Amersham Biosciences) density gradient centrifugation. Non-adherent peripheral blood leukocytes were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum at 37°C, 5% CO 2 . They were stimulated for 3 days with recombinant human interleukin-2 (20 IU/ml; Roche Applied Science) and phytohemagglutinin (5 g/ml) and then cultured in the presence of human interleukin-2 (20 IU/ml).
Lentiviral Transduction-Transductions of PM1 cells and PBMCs were performed in 48-well plates with addition of 5 g/ml Polybrene. The cells were exposed to lentiviral concentrates at titers of 100 ng/ml p24 antigen concentration at a density of 5 ϫ 10 5 cell/ml. After 6 h of transduction, the cells were washed with phosphate-buffered saline and further incubated in fresh tissue culture medium. The transduction protocol was repeated two more times in the following 48 h.
HIV-1 Infection of PM1 Cells and PBMC-M-tropic (YK-CSF), Ttropic (NL4 -3)
, and dual tropic (89.6) HIV-1 viruses (NARRRP (37)) were produced in 293T cells and used to infect the transduced PM1 cells and PBMCs at a multiplicity of infection (m.o.i.) of 0.1 (11) . The m.o.i. values were determined in a separate experiment by fluorescenceactivated cell sorting analysis using pRRLPGK-GFP SIN-18. It was estimated that 1 ng of p24 corresponds to 2000 -3000 transducing units as m.o.i. is a statistical function of the number of virus able to infect a population of cells (38) . As determined by trypan blue staining technique, the viability of cells was higher than 95%. Where indicated, fresh PBMCs were added at day 7 to rescue viable HIV particles.
After 6 h of incubation at 37°C, the infected lymphocytes were washed once and resuspended in fresh medium. Cell culture supernatants were collected from the infected cells at various time points, and the concentration of the p24 protein was determined by ELISA (Innotest). Cell viability was determined using the Cell Proliferation Reagent WST-1 (Roche Applied Science) according the manufacturer's instructions. The activity of mitochondrial dehydrogenases, an indicator of cell viability, was measured in 10,000 cells by the conversion of the tetrazolium salt WST-1 to the red dye formazan. Formazan accumulation is detected by increased absorbance at 440 nm.
RESULTS
Target Site Selection in HIV-1-The 5Ј-LTR of HIV-1 contains the promoter for all viral transcripts (39 -41) . The primary transcript can be either packaged into new virus particles or spliced to create the mRNA for the viral gene products. The LTR consists of three regions, U3, R, and U5. The cis-acting regulatory elements of the promoter are contained in the U3 region, which can be further subdivided into the negative regulatory region (nucleotides 1-350 as numbered in the genome of strain HXB2), the enhancer (nucleotides 351-376), and the core promoter (nucleotides 377-454). An array of transcription factors has been shown to interact with the U3 region (reviewed in Ref. 42) , and variations in their binding sites have been implicated in modulating promoter strength and replication kinetics (43, 44) . Transcription initiates at the first nucleotide of the R region, and polyadenylation occurs immediately after the R in the 3Ј-LTR. The R region also codes for the transacting response element (TAR), a stem-loop structure found in all viral mRNAs to which the transactivator protein Tat will bind. U5 spans the region between R and the binding site for tRNA Lys , which is used during reverse transcription. In a systematic characterization, we previously defined the zinc finger domains that specifically bind to 3-bp sites of the 5Ј-(G/A)NN-3Ј type (12) (13) (14) . After searching 5Ј-LTR sequences around the promoter region for existence of 18 contiguous nucleotides that are targetable with our defined domains using a search program of our own design, 2 we found excellent coverage of most of the promoter region (Fig. 1) . Potential target sites were checked for the presence of identical or similar sites in the human genome by a BLAST search of the Homo sapiens DNA sequences in the GenBank TM data base (data not shown). The parameters defining a productive target site for gene regulation have not been fully resolved at this time. However, we reasoned that a good target site should be located in chromatin where it is accessible to DNA-binding proteins and where the sequence is highly conserved. Some transcription factors have been shown to have little access to their DNA binding sites in chromatin. There have been reports correlating the ability of designed 3-finger proteins to regulating gene expression and the location of their target sites in accessible chromatin structures (20, 21) . Accessible target sites may be located in the linker region between positioned nucleosomes and are sensitive to micrococcal nuclease digestion or appear as DNase I-hypersensitive sites. For HIV-1, the nuclease-sensitive regions in the promoter have been well characterized (Fig.  1A) (45) . However, HIV presents an additional challenge in that the viral genome mutates with each replication cycle. A comparison of 5Ј-LTR sequences from different viral isolates and various subfamilies or clades of HIV-1 reveals that mutations arise with varying frequency, even in known transcription factor binding sites (Table I, Table I ), perhaps due to its proximity to the highly conserved TAR region (Fig. 1B) . Therefore, by following 2 D. J. Segal, unpublished data. these guidelines we were able to select target sites that were both accessible and conserved.
Combining the micrococcal and DNase I data, there are essentially four accessible regions in the 400 bp that surround the start of transcription. Using the genome of viral isolate HXB2 as a reference, the accessible regions approximately include nucleotides 200 -350, 375-450, 500 -575, and 600 -775 (Fig. 1A) . Three target sites were selected (HLTR1, 3, and 6). Their binding site sequence and position are shown in Fig. 1B . Site HLTR3 overlaps with two of the three binding sites for the transcriptional activator Sp1. Sites HLTR1 and 3 are in regions expected to be accessible. Site HLTR6 had good sequence conservation, but it was less clear that this site would be accessible in chromatin. Examples of the sequence conservation for the various sites are shown in Table I . Although data are shown only for 49 members of the B clade (to save space), the extent of sequence conservation is representative of that observed across all clades.
Identifying the Most Potent Repressor-Six-finger proteins that specifically recognize each proposed 18-bp target site were assembled as maltose-binding protein fusion proteins and purified. Their DNA binding specificity and affinity were assessed in multitarget ELISA assays, and electrophoretic mobility shift assays as previously described (12, 15) . The K D values of the six-finger proteins HLTR1, 3, and 6 for their DNA targets were determined to be 10, 1, and 6 nM, respectively ( Fig. 2A) . Transcriptional repressors were prepared by attaching several human-derived repressor domains to the designed zinc finger proteins. The Krü ppel-associated box (KRAB) domain (18) and the Mad mSIN3 interaction domain (SID) (47) both showed good repressive activity in previous studies of imposed erbB-2 regulation (15, 19) .
To assess the potential for transcriptional repression of each of the transcription factors, HeLa cells were transiently cotransfected with 1) an effector plasmid expressing the designed transcription factor, 2) a reporter plasmid expressing luciferase under control of the HIV-1 LTR promoter, and 3) a TAT-expressing plasmid. Luciferase levels were measured 48 h posttransfection. A 13-fold reduction in reporter expression was observed when KRAB-HLTR3 was present, but less than 2-fold for KRAB-HLTR1 and KRAB-HLTR2 (Fig. 2B, left) . Repression was more dramatic for HLTR1 when a SID repression domain was used (Fig. 2B, right) , whereas HLTR6 showed very little repression with this effector. However, SID-HLTR3 again showed the most impressive repression potential (ϳ6-fold). In addition, a control six-finger artificial transcription factor that recognizes the sequence GACGGGGCTGCTGCAGAC was tested for its ability to affect the HIV-1 LTR. The recognition sequence for this protein is not found in the HIV-1 LTR, and so this protein should not affect transcription from the LTR. As expected, no repression of the reporter construct was observed with either the KRAB or SID domains fused to the control zinc finger. Finally, to determine if the differences in repression seen with the HLTR proteins was not due in part to differences in protein expression, Western blots were performed. These studies revealed a modest difference in the level of protein expression of HLTR3 (ϳ1.5-fold greater) as compared with the other proteins (Fig. 2C) .
KRAB-HLTR3 Specificity and Activity in Chromatin-Nonspecific transcriptional repression might result in cellular toxicity, precluding the use of this anti-viral protein for long term expression in a potential intracellular immunization strategy. To examine the specificity of regulation, KRAB-HLTR3 was assayed on three different promoters (Fig. 3A) . A 10-fold repression of the HIV-1 LTR was observed. However, no repression was observed with an SV40 or erbB-2 promoter, demonstrating that repression by this protein effectively targeted the HIV-1 LTR promoter.
The chromatinized state of plasmid DNA in mammalian cells can be quite different than that of the chromosome, where nucleosomes and DNA topology might limit accessibility of binding proteins. Other groups have reported differences in targeting proteins to sites in plasmid or chromosomal DNA (20, 48) . We therefore co-transfected the KRAB-HLTR3-expressing plasmid with the Tat-expressing plasmid into the HeLa derivative, P4R5 MAGI (49), which contains a chromosomally integrated HIV-1 LTR driving expression of a lacZ reporter gene. We again observed a 10-fold reduction in reporter gene expression when KRAB-HLTR3 was present (Fig. 3B) . A 3-fold repression was also observed when HLTR3 was expressed in these cells without the KRAB domain. This effect was likely due to the fact that the HLTR3 binding site overlaps two Sp1 sites, allowing HLTR3 to interfere with the binding of these transcriptional activators (see "Discussion").
To evaluate the ability of zinc finger factor to inhibit plasmid-based viral production, a transient assay was performed in 293T cells by co-transfection of a KRAB-HLTR3-expressing plasmid with an HIV-1 NL4 -3-expressing plasmid or an HIV-1 YK-CSF-expressing plasmid. At 48 h post-transfection, expression of KRAB-HLTR3 produced strong inhibition of virus production (ϳ99%) (Fig. 3, C and D) . This effect was not due to different transfection efficiencies or cytotoxic effects specific to individual zinc finger transcription factors as indicated by transfection studies using a luciferase reporter lacking the recognition sequences of the transcription factors (Fig. 3E) .
Stable Expression of KRAB-HLTR3 Inhibits HIV-1 Replication-To assess the ability of the transcription factor to inhibit viral replication, stable cells lines were produced and challenged with HIV. The PM1 T-cell line was used, because it expresses CD4, CCR5, and CXCR4, allowing this line to be infected by both R5 and X4 HIV strains. Stable expression of the transcription factor in PM1 cells was achieved using a pMX-KRAB-HLTR3-IRES-GPF retroviral vector. This virus uses a Moloney murine leukemia virus promoter, which does not contain a site for KRAB-HLTR3 and is, therefore, not expected to be regulated by the expressed transcription factor. KRAB-HLTR3 expression in stable PM1 cell clones was confirmed by Western analysis. Clonal lines 8 and 19 were selected for further study based on their high and low expression of KRAB-HLTR3, respectively (Fig. 4) .
The clones and untransduced PM1 cells were challenged with the CCR5-tropic, HSA-reporter virus, NFN-SX-HSAS. This virus is based on the HIV strain NL4 -3, which does contain a site for KRAB-HLTR3 in its promoter and is, therefore, expected to be regulated by the transcription factor. As shown in Fig. 5 (A and B) the majority of clone-8 T-cells expressing the KRAB-HLTR3 protein demonstrated marked inhibition of HIV replication over time, whereas both the parental PM1 and clone-19 T-cell lines readily supported NFN-SX-HSAS replication, as shown by HSA expression. At 13 days post-infection, parental and clone-19 PM1 cells were highly infected and showed signs of virus-induced pathology, i.e. reduced HSA expression, increased numbers of dead cells in culture, and reduced proliferation. Infection of the parental and clone-19 PM1 T-cell lines was further confirmed by p24 analysis of cultures supernatants over time (Fig. 5C ). Although ϳ20% of the KRAB-HLTR3-overexpressing clone-8 PM1 T-cells showed HSA protein expression, the number of cells infected and the mean fluorescent HSA intensity, an indication of the level of viral infection per cell, at day 13 of culture was 1.5 log lower than that of the parental and clone-19 PM1 T-cell lines (Fig. 5B) . Moreover, by day 9 post-infection, the parental and clone-19 PM1 T-cell lines had an average of 1363 ng/ml of p24 in culture supernatant, whereas supernatants from the clone-8 cells contained 2.6 ng/ml of p24, a 524-fold drop in p24 concentration (Fig. 5C ). These results demonstrate that KRAB-HLTR3 is able to inhibit HIV replication in T-cell lines. The results also suggest that long term constitutive expression of KRAB-HLTR3 is not toxic to T-cells.
Primary Human Cells Transduced with KRAB-HLTR3 Are Protected from HIV-1 Replication-To assess the ability of the transcription factor to inhibit viral replication, primary human peripheral blood mononuclear cells (PBMCs) and a T-cell line (PM1) were transduced with a lentiviral vector expressing KRAB-HLTR3 (pSIN-KRAB-HLTR3) or empty vector (pSIN) and subsequently challenged with various strains of HIV-1. Note that the transcription factor transgene in this delivery vector is under control of a cytomegalovirus promoter, which does not contain a site for KRAB-HLTR3 and is, therefore, not expected to be regulated by the expressed transcription factor. Levels of HIV-1-expressed p24 were measured at various time points post-infection as an indicator of viral replication. The HIV-1 strains used were NL4 -3 (X4 tropic), YK-CSF (R5 tropic), and 89.6 (R5X4 tropic). The sequence of the HLTR3 target sites in these strains is indicated in Table I . ELISA and electrophoretic mobility shift assay studies indicated that the HLTR3 protein bound double-stranded DNA oligonucleotides displaying the sequences derived from each of these viruses with an affinity similar to that of the native sequence. In both the PM1 T-cell line (Fig. 6A) and primary PBMC (Fig. 6B), a 10 to 100-fold reduction in p24 levels was observed for all KRAB- HLTR3-transduced cells compared with non-transduced cells. Moreover, the repressive effect was maintained even at 18 days post-HIV-1 infection.
To determine if these effects were due to the KRAB-HLTR3 protein, the experiments were repeated using PBMC transduced with empty vector, KRAB-HLTR3, or KRAB-Aart, a repression construct containing an control zinc finger Aart. Protein Aart is a six-finger protein designed to bind an artificial AT-rich sequence and is not expected to have any binding site in the human genome (12) . Intracellular staining, using an antibody directed against the C-terminal HA tag on the zinc finger transcription factor, revealed expression of the transgene in ϳ35% of PBMCs (Fig. 7) . However, co-staining with an anti-CD4 antibody demonstrated that this 35% contained 70% of the CD4 cell population. That is to say, 70% of potentially HIV-permissive cells expressed a zinc finger transcription factor.
PBMCs exposed to the KRAB-HLTR3-expressing lentivirus displayed dramatic resistance to replication of HIV-1 strains NL4 -3 and YK-CSF (Fig. 8A ). Cells exposed to KRAB-Aart behaved similar to empty vector controls. To rule out the possibility that viral replication was reduced due or decreased due to KRAB-HLTR3-induced cytotoxicity, cell viability was measured at various time points post-HIV-1 infection. All cell samples were found to be similarly viable at all time point (Fig. 8B) .
Repeating the transduction procedure three times instead of once provided only a modest increase in repression of KRAB-HLTR3, and had no effect on the other samples (data not shown). However, these results do demonstrate that attempts to boost the expression level of the anti-viral protein are tolerated but are not necessary to attenuate viral replication.
DISCUSSION

What Makes KRAB-HLTR3 Such a Potent Transcriptional
Repressor of HIV-1?-A number of factors have likely contributed to the effectiveness of HLTR3 as a transcriptional repressor as compared with HLTR1 and HLTR6. HLTR1, 3, and 6 should all bind in chromatin-accessible regions, and the proteins have similar affinity for their target sites (10, 1, and 8 nM, respectively) ( Fig. 2A) . Although these affinity differences are modest, in our original studies of endogenous gene regulation using designed six-finger transcription factors (single-site regulators), we did observe potent endogenous gene regulation with transcription factors that bound their target with ϳ1 nM dissociation constants and little to no regulation with proteins that bound their target DNA with K D values of 10 nM or higher (19) . Thus, DNA affinity is likely to be a significant factor contributing to the success of HLTR3. Additionally, study of the expression of the transcription factors revealed that HLTR3 is also expressed 1.5-fold more efficiently than the other KRABbearing transcription factors (Fig. 2C) . With respect to target site position as it relates to the start of transcription, the HLTR1 target site is actually more proximal to the transcription start site than the HLTR3 target site. A priori, it might be reasonable to expect that HLTR1 and 6 might be less effective repressors, because they lie downstream of the transcription initiation site. However, several of the most potent designed transcriptional regulators bind in a similar position relative to their target promoter (50) . Similarly, HLTR1 and 6 both bind the minus strand of the promoter, whereas HLTR3 binds the plus strand. However, numerous potent regulators have been reported on either strand (12, 19) .
The binding site of HLTR3 also overlaps two Sp1 binding sites. The Sp1 sites, together with the TATA box, comprise the core promoter and have been shown to be essential for the function of HIV-1 proviral DNA-mediated gene expression (44) . The Sp1 elements also seem to play a role in the Tat inducibility of expression (51) . It has been previously shown that one mechanism by which repression can be achieved is to interfere with the binding of critical elements of the transcriptional machinery (52) . Therefore, in addition to localizing a repression effector domain, a protein targeted to the HLTR3 site may have the additional advantage of being able to inhibit transcription by competing with the binding of endogenous Sp1 activator proteins. In support of this notion, HLTR3 (lacking a repression domain) demonstrated a significant 3-fold inhibition of the HIV-1 LTR in transient reporter assays (Fig. 3B) . A significant role of the repression domain is revealed, however, by the differential repressive capability of HLTR3 bearing SID and KRAB repression domains indicating that the effector domain plays a critical role in transcriptional repression beyond that imparted by direct competition with Sp1 activators.
The results of the reporter assays identified HLTR3 as the most potent HIV-1 inhibitor. Although the target site sequence for this protein is not as well conserved as that for HLTR1 and 6, there appear to be many viral isolates for which the HLTR1 and 6 target sites occur in gapped regions and are thus completely absent (Table I) . Based on the most current version (2002) of the HIV Sequence Data base, the HLTR3 site occurs in virtually all sequenced isolates in all clades (data not shown). Therefore, among the three candidate repressors, HLTR3 is not only the most potent but also provides the greatest potential to target the most viral strains. It should be noted that artificial engineered HIV-1 variants completely devoid of Sp1 sites have been shown to be replication competent in cell culture suggesting a functional redundancy of activation elements within the HIV-1 LTR (53).
Co-transfection of 293T cells with plasmids expressing KRAB-HLTR3 and HIV resulted in a 100-fold repression of HIV replication (Fig. 3, C and D) . This dramatic repressive effect is likely due to the inhibition of basal HIV transcription prior to significant expression of TAT transactivator protein. This explanation is consistent with the results of the conceptually similar reporter assays (Fig. 3, A and B) , in which the transcription of a TAT-activated HIV promoter was reduced only 10-fold by KRAB-HLTR3. These results suggest that prior expression of KRAB-HLTR3 may be required prior to HIV infection to produce the dramatic repression of HIV-1 replication observed in the PM1 and PBMC experiments (Figs. 4 -8) .
In the experiment shown in Fig. 5 , stable PM1 clones were exposed to HIV at an approximate m.o.i. of 1. A modest amount of HIV replication was observed in these cells (albeit 50-to 500-fold less than controls). In the experiments shown in Figs. 6 and 8, PBMCs were exposed to HIV at an approximate m.o.i. of 0.1. At this multiplicity of infection, HIV replication was almost completely repressed. The lower m.o.i. might be considered more physiologically relevant in some cases, particularly in individuals undergoing highly active antiretroviral therapy (HAART). The latter results are also significant, because they suggest that, under some conditions, viral replication can be repressed even if KRAB-HLTR3 is not expressed in every cell.
PBMCs expressing KRAB-HLTR3, KRAB-Aart, or empty transduction vector were found to have similar viability after HIV-1 challenge (Fig. 8B ). These results demonstrate that the observed inhibition of viral replication is not due to decreased cell viability. The apparent lack of cytotoxicity is further supported by the fact that a PM1 T-cell clone could be propagated indefinitely despite expressing high levels of functional KRAB-HLTR3 protein (Figs. 4 and 5, clone 8) . Together, these results provide evidence that expression of KRAB-HLTR3 is not cytotoxic, even at levels sufficient to repress HIV-1 replication.
The Potential of KRAB-HLTR3 as an Antiviral Therapeutic-In an independent study, Reynolds and co-workers (27) showed that a different designed transcription factor, HIVBAЈ-KOX, targeted near the Sp1 sites in the HIV-1 LTR was able to inhibit, following transient transfection, the replication of HIV-1 strain HXB2 in the human glioma cell line NP2 by ϳ3.5-fold. Their optimal factor similarly contained six zinc fingers (modified for site-specific recognition by a somewhat different strategy) fused to a KRAB repression domain in accord with our early studies on endogenous gene regulation with artificial zinc finger transcription factors (15, 19) . Although issues of specificity, toxicity, and breadth of activity in primary human cells were not directly addressed, their results corroborate those of our study. A significant difference between the protein HIVBAЈ described by Reynolds et al. (27) and HLTR3 described here, is that in the absence of a repression domain HLTR3 significantly represses transcription (ϳ3-fold), whereas HIVBAЈ activates transcription (ϳ2-fold) suggesting that HIVBAЈ does not directly compete with Sp1 factors for binding to the LTR. This differential activity in the absence of repression domains suggests that the precise placement of an inhibitory factor is key in studies that attempt to interfere with endogenous factor binding. Cooperative DNA-binding and synergistic activation of non-competing transcription factors has been noted before and likely explains the undesirable activation seen with HIVBAЈ (54). Nonetheless, taken together, the two studies present compelling evidence that zinc finger-based transcriptional repressors targeted to the Sp1 sites of HIV-1 are able to achieve dramatic and reproducible repression of HIV-1 replication.
As an alternative to directed transcriptional repression at the DNA level with designed zinc finger transcription factors, RNA interference strategies targeting HIV-1 viral RNA have been reported (55, 56) . Although these studies have demonstrated successful inhibition of HIV-1 replication through targeting viral RNA, they have also demonstrated that single point mutations within the viral genome allow for the virus to escape RNA interference strategies (57) . Given the propensity of HIV-1 to mutate, it has been suggested that effective RNA interference strategies will require the delivery of multiple interfering RNAs. Significantly, in the zinc finger transcription factor strategy explored here, we have demonstrated tolerance of 1 and 2 mutations within the viral sequence targeted by HLTR3. Nonetheless, the development of resistance to zinc finger transcription factors should also be anticipated and an effective therapeutic strategy based on this approach will likely require the delivery of multiple transcription factors. We believe, however, that a highly effective and long lasting transcriptional blockade of HIV-1 can be obtained with a smaller mixture of transcription factors than siRNA molecules. These approaches are, of course, not mutually exclusive, and a therapeutic mixture consisting of both transcription factors and siRNA molecules should be considered.
In conclusion, the results of this study have identified KRAB-HLTR3 as a designed transcription factor capable of potent, specific, and extended inhibition of HIV-1 replication in primary human lymphocytes. Expression of the transcription factor was able to dramatically suppress replication of various HIV-1 strains for nearly 3 weeks, during which time no cellular toxicity was observed. These characteristics present KRAB-HLTR3 as an attractive candidate for development in an intracellular immunization strategy for anti-HIV-1 therapy.
